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We present results on the effects of interstitial oxygen and carbon on a bulk-niobium superconducting radio-
frequency cavity. Previous experiments have shown that high-temperature (∼800 ◦C) nitrogen-doping plays
the dominant role in the reduction of the electronic mean free path in the RF penetration layer of niobium that
leads to a decrease in microwave surface resistance and a suppression the temperature-dependent component
of the surface resistance with increasing accelerating gradient. In this work, we show that oxygen and
carbon-doping has very similar effects on cavity performance, demonstrating that these effects are not unique
to nitrogen. The preparation method used in the introduction of interstitial oxygen and carbon has the
advantage that it is done at lower temperatures than that of high-temperature nitrogen-doping and does not
require post-treatment electro-polishing.
I. INTRODUCTION
Decreasing the surface resistance of niobium supercon-
ducting radio-frequency cavities is of paramount impor-
tance for reducing cryogenic losses and operating costs
of future accelerators. Previous experiments have shown
that high-temperature (∼800 ◦C) nitrogen-doping of nio-
bium cavities has two major advantages over tradition-
ally prepared niobium cavities1,2. The first advantage is
an overall decrease of the microwave surface resistance,
RS , by the lowering of the electron mean free path in the
RF penetration layer to values near the optimal value
for minimum surface resistance. The second, more in-
teresting effect is the suppression of the temperature-
dependent component of the surface resistance, RBCS ,
with increasing fields leading to quality factors Q0 of up
to 4 × 1010 at T = 2.0 K1. This suppression of RBCS
was first discovered at Jefferson Lab but was apparently
caused by titanium impurities? . Recent theoretical work
offers a promising insight into the physical mechanism
that drives these effects, but as yet there is not a strong
consensus on the matter3,4.
Experiments on niobium cavities first completed at
Fermilab, in which the cavities were treated in a low-
temperature nitrogen ‘atmosphere’ (T ≤ 200 ◦ C), exhib-
ited the same behavior as the high-temperature nitrogen-
doped cavities (T ≥ 600◦C) and appeared to imply sig-
nificant nitrogen diffusion into the niobium in quantities
sufficient enough to reproduce this behavior5. However,
the results presented in this letter suggest that this is not
the case. We demonstrate that it is the introduction of
oxygen and carbon as interstitial impurities in the nio-
bium lattice at concentration levels similar to that of the
high-temperature nitrogen-doped cavities that leads to
these behaviors.
a)Electronic mail: pnk9@cornell.edu; This work is supported by
NSF Awards PHY-1416318 and PHY-1549132, the Center for
Bright Beams.
II. HIGH TEMPERATURE NITROGEN DOPING
In the high-temperature nitrogen-doping process the
niobium cavity is treated in a low-pressure (P ≈ 40
mTorr) nitrogen atmosphere at temperatures ranging
from 600-1000 ◦C typically followed by an annealing step
in ultra-high vacuum1,2. During the doping step, nitrides
form on the surface of the cavity allowing a net flow of
nitrogen from the nitride layer into the bulk lattice as an
interstitial2,6. Following treatment, the cavity is electro-
polished (EP) to remove the lossy nitride layer1,2. We
will see that oxygen and carbon-doped cavities do not
require post-doping EP with the treatment method used.
III. LOW TEMPERATURE TREATMENT
We heat treated a TESLA-shaped7 1.3 GHz niobium
cavity and a niobium sample together with a three step
process. The first step was done at 800 ◦C in ultra-high
vacuum for 10 hr. The second step was done at 160 ◦C
in a continuously flowing nitrogen ‘atmosphere’ for 48 hr.
The last and final step was done at 160 ◦C in ultra-high
vacuum for 168 hr. The steps were completed sequen-
tially without removing the cavity and sample from the
furnace.
IV. RF PERFORMANCE
The RF performance of the 160 ◦C cavity was compa-
rable to that of the high-temperature nitrogen-doped cav-
ities shown in Fig. 1. It displayed the so-called ‘anti-Q-
slope’ with increasing accelerating gradient, Eacc, reach-
ing a maximum Q0 = 3.6× 1010 at 2.0 K and 16 MV/m.
The nitrogen-doped cavities were treated at 800 ◦C for
20 min in a 40 mTorr nitrogen atmosphere followed by
a 30 min anneal at 800 ◦C in ultra-high vacuum. The
concentration of nitrogen in the RF layer is controlled by
the amount of post-treatment EP. It is important to note
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2here that the 160 ◦C cavity received no post-treatment
EP. The 12 µm EP nitrogen-doped cavity achieves qual-
ity factors higher than that of the 24 µm EP nitrogen-
doped cavity as its electronic mean free path, ` = 34
nm, is closer to the mean free path (`min ≈ 20 nm) that
minimizes the temperature-dependent component of the
surface resistance, RBCS , for a given accelerating field.
The 160 ◦C cavity, with a measured ` = 7.5 nm, is consid-
ered to be heavily-doped. The 24 µm EP nitrogen-doped
cavity with ` = 47 nm behaves very similarly as it is
nearly directly opposite of the minimum in the RBCS vs.
` curve.
For comparison, the RF performance of a standard
bulk niobium cavity is also shown. It received an EP, 900
◦C degassing bake in ultra-high vacuum for 3 hr, and a
high pressure rinse in de-ionized water before RF testing.
The ubiquitous medium-field and high-field Q-slopes are
evident8.
Figure 1. RF cavity performance at T = 2.0 K for two
(800 ◦C)nitrogen-doped cavities, the 160 ◦C cavity, and a
standard-treatment bulk-niobium cavity. The nitrogen doped
cavities were doped at 800 ◦C for 20 mins in a nitrogen at-
mosphere, annealed at 800 ◦C in ultra-high vacuum for 30
mins, followed by an electro-polish. The standard treatment
refers to a bulk electro-polish of a niobium cavity followed
by high-pressure rinsing in ultra-high purity water and RF
testing.
Figure 2 shows a deconvolution of RBCS and R0 as
a function of accelerating gradient for the 160 ◦C cav-
ity. The residual resistance is relatively constant whereas
RBCS decreases with increasing gradient demonstrat-
ing the effect of interstitial carbon and oxygen on the
temperature-dependent RBCS.
We used the SRIMP code developed by Halbritter9
and translated into MATLAB by Valles10 to extract the
electron mean free path, `, quasi-particle energy gap,
∆(0)/kBTc, and temperature-independent residual resis-
tance, R0, from data collected during RF testing of the
160 ◦C cavity. The mean free path is obtained from a
BCS fit of measurements of the penetration depth, λ,
vs. T and was found to be 7 nm. This implies a signif-
Figure 2. Deconvolution of the temperature independent
residual resistance, R0, and the temperature-dependent BCS
resistance, RBCS, as a function of the accelerating gradient,
Eacc, at 2.0 K.
icant amount interstitial impurities in the RF penetra-
tion layer. The energy gap and residual resistance are
obtained from a BCS fit of the surface resistance as a
function of T . Figure 4 shows the fits of both measure-
ments and the relevant extracted material parameters.
V. SECONDARY ION MASS SPECTROSCOPY
Figure 3 shows the concentration profiles measured
with Secondary Ion Mass Spectroscopy (SIMS) for C,
O, and N in a niobium sample that received the 160
◦C treatment as well as a sample treated with a high-
temperature (800 ◦C) nitrogen-dope. Not surprisingly,
there is a distinct difference in the nitrogen concentra-
tion of the 160 ◦C sample compared to that of the high-
temperature nitrogen-doped sample. The nitride layer of
the nitrogen-doped sample ends at a depth of approxi-
mately 1.5 µm and is etched off prior to RF testing leav-
ing an interstitial nitrogen concentration on the order of
∼7×1019 atoms/cm3. In the 160 ◦C sample, the nitrogen
concentration drops off over a depth of ∼15 nm to below
1×1019 atoms/cm3 making it irrelevant to the RF perfor-
mance. The concentrations of C and O are surprisingly
significant: ∼4.5×1020 atoms/cm3 at a depth of 50 nm.
This is much higher than that of the high-temperature
nitrogen-doped sample and is consistent with RF mea-
surements.
There are several possible sources for the C and O. The
high purity nitrogen gas used during the 160 ◦C bake
contained ≤ 5 ppm O2, ≤ 3 ppm H2O, and an unknown
amount of C sources such as CO, CO2, and hydrocarbons
(i.e. < 1 ppm). However, the continuous flow of gas
provided the cavity and sample with a constant source
of C and O. This can account for the O content of the
sample but cannot fully explain the C content. Another
3Figure 3. Concentration profiles for C, O, and N as a functions
of depth in a niobium sample treated, chronologically, at 800
◦C for 10 hr in ultra-high vacuum, 160 ◦C for 48 hr in a
continuously flowing nitrogen atmosphere with trace amounts
of O2 and H2O (i.e. ≤ 5 ppm), and 160 ◦C for 168 hr in
ultra-high vacuum. For comparison, a nitrogen concentration
profile for a sample doped at 800◦C is shown.
source of C could be from pre-existing surface carbon or
carbides and back-flow from the furnace pumps.
VI. DIFFUSION MODEL
To create a simple model for the diffusion of C, O, and
N in bulk Nb, we solved Fick’s second law,
∂c
∂t
= D
∂2c
∂x2
. (1)
The relevant parameters of Eq. 1 are the concentration of
the impurity, c, as a function of depth into the niobium,
x, diffusion time, t, and the diffusion coefficient, D. The
solution to Fick’s law with the appropriate boundary con-
ditions is
c(x, t) = C ′ + (C ′′ − C ′)erfc
(
x
2
√
Dt
)
. (2)
C ′ and C ′′ are the initial concentration of the impurity
throughout the niobium and the impurity concentration
at the surface, respectively. The model, calculated nu-
merically, takes into account the temperature dependence
of the diffusion coefficient with the exception of the cool
down period from 800 to 160 ◦C. The coefficients ob-
tained by fitting the model to the SIMS data are summa-
rized in Table I. The measured diffusion curves plotted
along with the model are shown in Fig. 3.
Tthe carbon concentration profile has two distinct re-
gions. The region with a steeper slope (x < 200 nm)
can be accounted for by the diffusion of carbon impuri-
ties in the doping atmosphere during the 160 ◦C bake.
The extended region (x > 200 nm) can be explained by
Table I. Diffusion coefficients for C, O, and N in bulk Nb.
Element T [◦C] D [cm2/s]
C
160 5.12× 10−17
800 1.73× 10−13
N
160 3.56× 10−17
800 1.11× 10−13
O
160 2.50× 10−18
800 6.89× 10−14
the diffusion of surface carbon during the initial 800 ◦C
vacuum bake.
VII. MATERIAL PROPERTIES
At ` = 7 nm, the penetration depth of niobium for T 
Tc is ∼100 nm. We will take the concentration measured
by SIMS of C and O at a depth of 50 nm to to calculate an
approximate value for `. At this depth, the concentration
of C and O is ≈ 4.4× 1020 atoms/cm3. This corresponds
to ≈ 0.8 at. % C, O. The change in resistivity can be
calculated for these concentrations using the formula8:
∆ρ = a · c′. (3)
Here a is a constant that is 4.3× 10−8 Ω·m for carbon
and 4.5 × 10−8 Ω·m for oxygen13. This yields ∆ρC =
3.4 × 10−8 Ω·m and ∆ρO = 3.6 × 10−8 Ω·m. The mean
free path is related to the change in resistivity by2:
` =
σ
∆ρC + ∆ρO
. (4)
From Goodman and Kuhn14, σ = 0.37 × 10−15 Ω·m2
yielding a mean free path estimate of ` ≈ 5 nm. This
is in agreement with the mean free path extracted from
RF data (see Fig. 4). At a depth of 3 nm, the nitrogen
concentration is at its maximum of 0.12 at. % N. The
resulting change in resistivity is 6.0 × 10−9 Ω·m where,
in this case, a = 5.2 × 10−8 Ω·m13. This leads to a
mean free path estimate of ` ≈ 60 nm. However, this
drops off sharply with depth. At a depth of 50 nm the
concentration of nitrogen is 0.01 at. % corresponding to
a mean free path of ∼712 nm. This further confirms the
role that carbon and oxygen play in the lowering of the
mean free path in the RF penetration layer, ruling out
nitrogen as the cause.
VIII. CONCLUSION
We have shown that treating niobium in a continu-
ously flowing ‘nitrogen atmosphere’ with trace impurities
4Figure 4. Top: Measured RF surface resistance, RS , as
a function of T and the BCS fit (solid line) with the ex-
tracted residual resistance, R0, and quasi-particle energy gap,
∆(0)/kBTc. Bottom: Penetration depth as a function of T
and the extracted mean free path ` with BCS fit (solid line).
at 160 ◦C introduces interstitial carbon and oxygen
in concentrations similar to that of high-temperature
nitrogen-doped cavities leading to a reduction of the
electronic mean free path and subsequent increase in
quality factor with increasing accelerating fields. Nitro-
gen does not play any significant role in the lowering of
the mean free path nor in the effects on the quality factor
in these low temperature treatments. This introduces
the advantage of the elimination of post-treatment
electro-polishing that is required for nitrogen-doped
cavities. Further investigations into the effects of oxygen
and carbon-doping of niobium are forthcoming.
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